Background: Factors influencing measurements and accurate evaluation of stent apposition by optical coherence tomography (OCT) are not established. Methods and Results: Phantom models of known luminal sizes and lengths were evaluated by OCT under various conditions and measurements were compared with actual values. Stents implanted into phantom models were examined by OCT to validate the measurement point on the stent strut surface for accurate evaluation of stent apposition. Strut thickness was measured at 3 points (midpoint, inner and outer surfaces of the stent shadow). The precision of OCT measurements of lumen diameter and area was satisfactory when the image wire was positioned in the center, but the error and deviation were unsatisfactory when the image wire was positioned eccentrically using a low frame acquisition rate. Longitudinal OCT measurements were close to actual values under all conditions examined. Measurements from the midpoint of the stent shadow to the adjacent vessel wall surface coincided with actual stent thickness. Conclusions: Significant measurement error can occur if the image wire is positioned eccentrically with a lower frame acquisition rate than specified by the manufacturer. To accurately evaluate stent apposition, the stent surface should be measured from the center of the stent reflection. (Circ J 2009; 73: 1841 -1847 
ntravascular ultrasound (IVUS) is now routinely used for percutaneous coronary intervention (PCI) procedures, because it provides valuable information about the arterial structure, such as the vessel size and stent condition after implantation. [1] [2] [3] [4] The low resolution (100-200 μm) of IVUS, however, limits the ability to study fine architectural vascular changes induced by PCI. Optical coherence tomography (OCT) is a relatively new imaging modality that generates images with micron-scale resolution. 5 OCT provides intra-coronary images (10-20 μm) with an approximately 10-fold greater resolution than IVUS. 6 Histopathologic studies revealed that OCT provides an accurate representation of the intima media thickness 7 and fibrous cap thickness. 8 Neointimal coverage of silorimuseluting stents and stent position (apposition or mal-apposition) can be precisely evaluated using OCT. [9] [10] [11] [12] Thus, OCT is expected to be a useful imaging modality for a better understanding of the pathophysiology of atherosclerosis, assessment of coronary stent position, and for PCI.
There are a few limitations, however, to the use of OCT in vivo. Due to limited penetration (2 mm), OCT cannot be used to evaluate large vessels and positively remodeled vessels. 13 The location of the image wire, vessel size, as well as heart motion artifacts might affect the accuracy of OCT measurements and image quality. Furthermore, the best method for measuring stent strut thickness with OCT has not yet been established because the infra-red light does not transmit through metal and the outer surface of the stent strut cannot be observed as a result of light reflection. Thus, the OCT methods of measuring stent apposition and neointimal thickness have not been determined. In the present study, we evaluated the factors that influence the accuracy of OCT measurements using in vitro phantom models under various conditions to validate the OCT artifact effect. In addition, we determined the optimum point for measuring the stent strut surface for accurately evaluating stent apposition using phantom models.
Methods
In the present study, we used an OCT image wire (ImageWire™, LightLab Imaging, Westford, MA, USA) and IVUS catheter (Revolution™, Volcano Therapeutics, Inc, Rancho Cordova, CA, USA). Because we usually use (Received February 13, 2009 First, we evaluated the detection limit of the OCT field of view and the factors that influence the OCT measurements. Circular, styrene plastic arterial models (Evergreen Scale Models, Inc, Woodinville, WA, USA) with luminal diameters of ø1.8-mm, ø3.3-mm, ø4.9-mm, and ø6.0-mm were observed by OCT. The arterial model was manually positioned in a tank filled with Lactated Ringer's solution and the image wire was advanced into the model up to the distal end and fixed in place with cellophane tape. Motorized pullback was performed at 2 different speeds, 1.0 or 2.0 mm/s, 3 times. OCT images were also acquired at 2 frame acquisition rates (8.2 F/s or 15.6 F/s). [The commercially available OCT system (LightLab Imaging) is configured at 15.6 F/s of frame acquisition rate]. The OCT images were digitally archived on a personal computer for off-line analysis and every 10 th OCT frame was selected for evaluation. Diameters (maximum and minimum) and area were measured in all images. The ratios of the maximum and minimum model diameters were calculated to evaluate image distortion. These measurements were obtained with the OCT image wire positioned either at the center of each model (in-center, >0.5 mm from the phantom wall) and or closer to the wall of the model (off-center, <0.5 mm from the phantom wall; Figure 1 ). The plastic model diameter and area were also examined by IVUS (30 F/s frame-rate and 0.5 mm/s pullback-speed) for every 0.5-mm cross-section. The off-line analysis of both the OCT and IVUS data was performed using a quantitative coronary ultrasound cardiovascular measurement system (CMS-Medis Medical Imaging Systems). OCT and IVUS measurements were compared with the actual model diameter and area, and with each other. We excluded poor images from which we could not measure the diameter and area.
For longitudinal measurements, a known length (30.0 mm) of both a straight and a 90° angulated rubber arterial model (Shinoda Gomu Co, Ltd, Tokyo, Japan) was examined in the same manner using 2 different frame acquisition rates (8.2 F/s, 15.6 F/s) and pullback speeds (1.0 mm/s, 2.0 mm/s). Each longitudinal measurement was taken at 10 different times. Measurements were then compared with the actual value.
We then evaluated the reproducibility of the crosssectional shape of the OCT image. The ø1.8-mm circular model and the quadrangular phantom model of the same size were evaluated under the same conditions (frame-rate, 8.2 F/s and 15.6 F/s, and positioned either in-center or offcenter). The evaluated items were the shape difference of phantom model form and the difference of intensity that The point of measurement on the stent strut surface by optical coherence tomography (OCT). Dis. A is the distance between the midpoint of the stent strut reflection and the adjacent model wall surface. Dis. B is the distance between the inner surface stent strut reflection and the adjacent model wall surface. Dis. C is the distance between the outer surface stent strut reflection and the adjacent model wall surface. might result from a difference in the image wire distance. We calculated the shape reproducibility rate (number of frames that appeared to have a shape close to that of the actual phantom/total number of frames) to confirm shape reproducibility. We also counted the number of images with image wire motion artifacts and calculated the motion artifact rate (number of frames with motion artifact/total number of frames).
Last, we determined the accuracy of the measurement point of the stent strut surface by OCT. We used the following stents: 2 drug-eluting stents (DES); Cypher™ (Cordis, Johnson and Johnson Company) and Taxus Express™ (Boston Scientific Corporation); and 7 bare metal stent (BMS); Velocity™ (Cordis, Johnson and Johnson Company), Express2™ (Boston Scientific Corporation), Duraflex™ (Avantec Vascular Corp), Driver™ (Medtronic) and TSUNAMI™ (Terumo). We implanted each ø3.0-mm stent into a rubber arterial phantom model with a ø3.0-mm luminal diameter (Shinoda Gomu Co, Ltd) at a maximum durable pressure. In each model, OCT pullback was performed 3 times with a pullback-speed of a 1.0 mm/s and a frame-rate of 15.6 F/s. We then selected every 10 th OCT frame in which the OCT image wire was positioned incenter. We measured the distance between the midpoint of the stent strut reflection and the adjacent vessel wall surface (Dis. A), the distance between the inner surface of the stent strut reflection and the adjacent vessel wall surface (Dis. B), and the distance between the outer surface of the stent strut reflection and the adjacent vessel wall surface (Dis. C; Figure 2 ). We determined the midpoint as follows; we first measured the width of stent strut reflection and divided the value in half. The point of the half distance from the inner surface of the stent strut reflection was defined as the midpoint. We compared these measurements to the manufacturer's specified strut thickness.
Especially in the case of Velocity™ stents, we compared the difference in stent strut thickness measurements evaluated using the method of Dis. A in relation to the image wire position. Further, we measured the distance from the image wire to the stent strut, and evaluated the impact of the strut thickness measurements (Dis. A) in relation to the distance from the image wire.
All measurements were read by 2 independent observers. The first observer repeated a blind analysis of all the data at 2 separate time points (with at least a 1-month interval between the 2 analyses).
Statistical Analysis
Continuous variables are shown as mean ± standard deviation. The Bland-Altman plot was used to assess the differences between the OCT measurements of the lumen diameter and area with the actual values, and between stent strut thickness as measured by OCT and the manufacturerspecified nominal strut thickness. We also used the Bland-Altman plot to estimate inter-observer and intra-observer variability. The relationship between OCT measurements and IVUS measurements was investigated using a Pearson's correlation coefficient. Statview version 5.0 (SAS, Cary, NC, USA) and Medcalc (Medcalc, version 9.3; Medcalc Software, Mariakerke, Belgium) were used for data analysis. A 2-tailed P-value of less than 0.05 was considered statistically significant.
Results

The Accuracy of OCT Measurements and the Limitation of OCT Field of View
The OCT and IVUS measurements of the lumen diameter of each size of the phantom model are shown in Table 1 . We could not observe the entire ø6.0-mm model by OCT even if the image wire was positioned in-center. We could not obtain the whole image of the ø4.9-mm model, when the image wire was positioned off-center. Therefore, neither the lumen diameter nor the area of the ø4.9-mm model could be measured off-center. The average OCT measurements (diameter and area) of each model at a 15.6 F/s frame-rate were approximately equal with the IVUS measurements (Pearson's correlation coefficients: r >0.999) and identical to the actual value whether the image wire was positioned in-center or off-center. The ratios of the maximum and minimum diameter in the off-center position, however, were significantly larger than those of the in-center position for all model size (1.04±0.03 vs 1.01±0.01, P<0.0001). The pullback speed did not affect OCT cross-sectional measurements. At a 8.2 F/s frame-rate, however, although the average measurements in-center were almost equal to the IVUS measurements (Pearson's correlation coefficients: r >0.999) and actual lumen diameter, the standard deviations of OCT measurements (8.2 F/s in-center) were greater than those of the IVUS measurements and those 15.6 F/s in all model sizes. Further, the error of OCT measurements (8.2 F/s, off-center) was larger than that of 15.6 F/s for all models. The ratios of the maximum and minimum diameters in the off-center position were also significantly larger than those of the in-center position for all model sizes (1.06±0.03 vs 1.01±0.03, P<0.0001). The pullback speed did not affect OCT measurements, even at the 8.2 F/s frame-rate. The longitudinal measurements are shown in Table 2 . The measurements of the straight models were almost identical to the actual values in all conditions examined. In the angulated model, the longitudinal OCT measurements tended to be shorter than the actual values in all conditions examined.
The estimated limit of agreement for the intra-and interobserver variability in the OCT measurements was reasonable, based on the Bland-Altman plot. [diameter measurements by OCT (mean difference, %error): intra-observer, 11.2±4.2 μm; 3.3%, inter-observer; 17.5±5.0 μm, 5.2%; area measurements by OCT (mean difference, %error): intra-observer, 0.10±0.09 mm 2 ; 9.7%, inter-observer; 0.14± 0.12 mm 2 , 13.5%].
The Visual Reproducibility of the Shape of Cross-Section
When the image wire was positioned in-center and the frame-rate was 15.6 F/s, the shape reproducibility rate was good (86.4%). When the image wire was positioned offcenter, the circular OCT cross-sectional images, however, were distorted and became elliptical, especially at the low frame-rate, and their shape reproducibility rate was 33.2% (Figure 3) . When the image wire was positioned off-center, the brightness of the far side phantom surface from the Abbreviations see in Table 1 . image wire was low. Furthermore, the motion artifact rate of the 8.2 F/s frame-rate images (15.5%) was larger than that of the 15.6 F/s frame-rate images (8.1%).
The Measurements of Stent Strut Thickness
We analyzed 232 struts of Velocity™ stents, 166 struts of Express™ stents, 158 struts of Duraflex™ stents, 118 struts of Driver™ stents, 212 struts of TSUNAMI™ stents, 149 struts of Cypher™ stents and 177 struts of Taxus Express™ stents. In all models, the stents were well apposed (ie, the inner surface of the model was indented by the stent strut was detected). The stent strut thickness measurements with the 3 methods of OCT measurement and the manufacturer's specified strut thickness are shown in Table 3 . In both types of stents (BMS and DES), the Dis. A measurements were almost equal to the manufacturer's specification in comparison with those of the Dis. B and Dis. C measurements.
In the Velocity™ stent, the strut thickness measurement (Dis. A) of the in-center was 141.7±13.3 μm. However, the thickness of the off-center was 147.9±28.8 μm. The strut of the off-center had a greater thickness (P=0.008) and a greater distribution than that of the in-center. As for the measurements of stent strut thickness in relation to the distance from the image wire, the distribution of the strut thickness measurements was greater with either an increase or decrease in the distance from the image wire (Figure 4) .
To estimate the intra-and inter-observer reproducibility of stent strut thickness measurements obtained by OCT, we drew scatter grams of the Bland Altman plot of the Velocity™ strut thickness measurements. The estimated limit of agreement for the intra-and inter-observer variability in the measurements of Velocity strut thickness by OCT were also reasonable [Dis. A (mean difference, %error): intra-observer, 0.8±9.6 μm, 5.9%: inter-observer, 1.1± 11.4 μm, 8.1%; Dis. B (mean difference, %error): intraobserver, 1.9±9.9 μm, 12.1%; inter-observer, 3.1±12.1 μm, 19.8%; Dis. C (mean difference, %error): intra-observer, 1.6±9.7 μm, 13.1%; inter-observer, 2.9±11.8 μm, 23.7%]. Furthermore, the variability of stent strut thickness was smallest when measured by Dis. A.
Discussion
The findings of the present study indicated that the crosssectional OCT measurements and the shapes of the visual images were affected by frame acquisition rate and image wire position. The precision of the longitudinal OCT measurements was basically satisfactory, except for that of an angulated lesion. Furthermore, stent strut thickness could be measured accurately with OCT when the distance between the midpoint of the stent strut reflection and the adjacent vessel wall surface was measured for both stent types (BMS and DES).
In the present study, there was an increase in the error and dispersion of the OCT measurements of diameter and area when the OCT image wire was positioned eccentrically toward the side of the model wall (off-center), especially when using a lower frame-rate than specified by the manufacturer, in which case the diameter was larger than the actual model value. Further, OCT cross-sectional images were distorted and became elliptical under these conditions (off-center with a low frame-rate). We speculate that 2 main mechanisms are involved in this phenomenon. One is the diagonal cross-sections of the OCT images. Previous studies revealed that IVUS overestimates vessel measurements as a result of non-coaxial IVUS imaging, especially in angulated segments. 14, 15 In the case of IVUS, the impact of catheter angulation on vessel lumen measurements might be small because the size of the IVUS image catheter in relation to the coronary artery lumen is relatively large. 16 With the OCT image wire, however, non-coaxial imaging might occur more frequently because the image wire catheter is slimmer than the IVUS catheter. The second mechanism might be a deviation of the lateral resolution as the distance from the image wire increases, although the longitudinal axial resolution is unchanged. The OCT light source emits a light beam radially, which tends to increase the lateral value of the region of interest, which is separated from the image wire. Therefore, the OCT image is relatively distorted when the image wire is positioned off-center and the cross-sectional measurements are large. Furthermore, the motion artifact (so called sew-up) increased at the low frame acquisition rate. Consistent with our data, a previous study demonstrated some motion artifacts at 4 F/s and acquisition rates needed to be slightly higher for accurate representation of the luminal diameter. 6 We speculate that the mechanism underlying these phenomena might be the relatively long time require to collect the OCT images and the rotation irregularity of the OCT image wire. In the present study, some motion artifacts were detected, although we fixed the image wire as much as possible. Nevertheless, the motion artifact might be due to the movement of the image wire induced by the rotating mirror in the catheter. Further, the brightness of the far side phantom surface from the image wire was low. In IVUS, the time-gain compensation is adjusted for the intensity of the image with regard to the distance, 17 but the OCT system does not have this function. Therefore, there is a visual difference in the intensity of the OCT image.
As for the longitudinal measurements, the OCT measurements of length were identical to the actual values especially in the straight model. In the angulated model, however, the OCT measurements were shorter than the actual values. These phenomena might be due to the short cutting of the lesion. Therefore, OCT measurements of tortuous lesions might underestimate lesion length when OCT is used in vivo.
Infra-red light does not transmit through metal because of light penetration limitation, therefore stent strut thickness must be taken into account in evaluating stent apposition using OCT. Although there are some reports of stent malapposition observed with OCT, [9] [10] [11] [12] the definition of stent malapposition as determined by OCT has not been established. Therefore, we should determine the most accurate measurement point of the stent strut surface with OCT for evaluating stent apposition. The results of the present study indicate that the OCT measurements of stent strut thickness were more accurate when measured from the midpoint of the stent strut reflection than from the inner (Dis. B) or outer (Dis. C) surface stent strut reflection. The light reflection of the stent strut might make the strut appear wider because of diffraction, so that the measurement of strut thickness by OCT might be different from the actual thickness when measured from the inner or outer surface of reflection. Therefore, measurements of Dis. A were closer to the actual stent thickness. Further, stent malapposition could be more accurately evaluated when stent strut thickness was measured using this method. We propose that a criterion of stent malapposition should be that the distance from the stent strut surface to the vessel wall is greater than the OCT axial resolution (20 μm) plus the actual thickness of stent strut thickness, which is measured as Dis. A.
The significance of OCT measurements for coronary intervention is not established yet. When IVUS is used for performing PCI, a stent with a larger diameter and smaller length can be used. 18, 19 Therefore, IVUS-guided-PCI can reduce the rates of restenosis after stent implantation. Our data show, however, that OCT could be used to measure almost identical lesion lengths, but not to measure the inner surface of the model because of poor penetration. Yamaguchi et al. also demonstrated that 87.8% of OCT images of the vessel border at a minimum lumen site were poor as a result of low penetration. 20 If OCT-guided-PCI is performed, the restenosis rate might be high, especially with bare metal stents because OCT is not suitable for measuring vessel size or selecting a large stent size. Now that drug-eluting stents are available, however, the restenosis rate after stent implantation has been dramatically reduced, even in small vessels and for long lesions, [21] [22] [23] and the major concern of post-DES implantation is now late-stent thrombosis. Recently, late-stent thrombosis from a DES was speculated to be partially because of stent malapposition. 24, 25 Thus, a significant factor of mortality after DES implantation might not be the size of the stent, but rather the apposition of the stent. In our opinion, the advantage of OCT-guided-PCI is the accurate evaluation of stent apposition.
Study Limitations
This study was an in vitro simple phantom model examination. Therefore, we could not examine all conceivable clinical conditions. We did not evaluate the effect of heart motion on OCT measurements. In IVUS, longitudinal movement of the IVUS transducer within the coronary vessel occurs during the cardiac cycle. 26 We speculate that the same phenomena would be observed with OCT measurements, and therefore suggest that the pullback speed should be as fast as possible in clinical measurement conditions to reduce artifacts induced by heart motion.
Further, actual vessels are irregular and their tissues are not uniform in comparison with the phantom model's wall, so the evaluation of stent position might be affected by the characteristics of the vessel wall in clinical circumferences. OCT cannot penetrate the stent strut to visualize the tissue underlying the stent strut and infra-red light is generally attenuated by lipid content and red thrombi. 27, 28 Therefore, the position of the stent strut could be misdiagnosed when implanted in lipid-rich or red thorombus-rich plaque.
Furthermore, we generally need to occlude blood flow by occlusion catheter in clinical setting, although several reports showed the effectiveness of non-occlusion OCT image acquisition technique. 29, 30 In the present study, however, the effect of vessel occlusion and saline flashing was not considered. Yamaguchi et al reported the minimum lumen diameter and area by OCT were smaller than IVUS measurements because the decrease in intracoronary pressure during OCT imaging resulting from vessel occlusion. 20 Finally, although we fixed the image wire in place as much as possible, the motion artifact was appeared. Therefore, if we used OCT in vivo, the motion artifact and the error of longitudinal measurements would be larger than the data of the current study.
Conclusion
In conclusion, we could obtain accurate measurements of lumen diameter and area, and stent strut thickness by OCT when the frame-rate is high and the image wire is positioned at the center. In addition, the longitudinal measurement of OCT is almost identical except for angulated lesion. In DES era, OCT could be a useful tool for PCI procedure when we used it at manufacturer specified frame acquisition rate (15.6 F/s). However, we should pay attention that the OCT measurements were affected on position of image wire and vessel morphology.
